The nuclear pore complex (NPC) is a protein assembly that contains several distinct subcomplexes. The mammalian nucleoporin (Nup)-107 is part of a hetero-oligomeric complex, that also contains Nup160, Nup133, Nup96, and the mammalian homolog of yeast Sec13p. We used transfection of HeLa cells with small interfering RNAs to specifically deplete mRNA for Nup107. In a domino effect, Nup107 depletion caused codepletion of a subset of other Nups on their protein but not on their mRNA level. Among the affected Nups was a member of the Nup107 subcomplex, Nup133, whereas two other tested members of this complex, Nup96 and Sec13, were unaffected and assembled into Nup107͞Nup133-deficient NPCs. We also tested several phenylalanine-glycine repeat-containing Nups that serve as docking sites for karyopherins. Some of these, such as Nup358, Nup214 on the cytoplasmic, and Nup153 on the nucleoplasmic side of the NPC, failed to assemble into Nup107͞ Nup133-depleted NPCs, whereas p62, a Nup at the center of the NPC, was unaffected. Interestingly, the filamentous, NPC-associated protein Tpr also failed to assemble into the NPCs of Nup107-depleted cells. These data indicate that Nup107 functions as a keystone Nup that is required for the assembly of a subset of Nups into the NPC. Despite the depletion of Nup107 and the accompanying effects on other Nups, there was no significant effect on the growth rate of these cells and only a partial inhibition of mRNA export. These data indicate redundancy of Nups in the function of the mammalian NPC.
N
uclear pore complexes (NPCs), the mediators of nucleocytoplasmic transport, are the largest protein assemblies in eukaryotic cells (60 MDa in yeast and 125 MDa in vertebrates; refs. [1] [2] [3] [4] [5] . They are embedded in circular openings of the double nuclear envelope membrane and exhibit eightfold rotational symmetry along a nucleo-cytoplasmic axis and a pseudo twofold axis of symmetry along a perpendicular axis in the nuclear envelope membrane. Each NPC is a modular structure consisting of a central cylinder, a spoke-ring structure that anchors the cylinder to the pore membrane domain of the nuclear envelope, a cytoplasmic and nucleoplasmic ring and extensions that emanate from these rings into the cytoplasm and the nucleoplasm. On the nucleoplasmic side, these extensions are organized into the pore basket that, in turn, is connected to a filamentous intranuclear network (6) (7) (8) (9) .
A comprehensive analysis of purified yeast NPCs revealed the existence of 30 nucleoporins (Nups) that are present in multiple copies per NPC (10) . With a few exceptions, most Nups show a symmetrical distribution around the twofold axis of symmetry in the plane of the nuclear envelope (10) . A similar analysis with mammalian NPCs has identified 47 Nups or Nup-associated proteins (11) . As in the yeast NPC, some of the mammalian Nups are localized asymmetrically at the NPC. For instance, Nup358 and Nup214 are located on the cytoplasmic side (12) (13) (14) , whereas Nup153 and the NPC-associated, filamentous protein Tpr occur at or near the nucleoplasmic pore basket (15) (16) (17) . By contrast, other Nups, such as p62, Nup107 and Nup133, were localized to both sides of the NPC (18) (19) (20) . Nups have also been grouped into phenylalanine-glycine (FG) repeat-containing and non-FG repeat-containing Nups (2) . The FG repeats serve as docking sites for karyopherins and other transport factors (21) (22) (23) (24) .
Despite these advances, it is still not possible to unequivocally assign Nups to the distinct modular substructures of the NPC. Several subcomplexes have been isolated after partial disassembly of either yeast or vertebrate NPCs under various harsh dissociating conditions (18) (19) (20) (25) (26) (27) (28) . It is not clear, however, whether these subcomplexes are physiologically relevant, because the dissociating conditions could have resulted in a redistribution of Nups. The resulting subcomplexes, therefore, may not represent intermediates in the assembly of the NPC.
A very promising approach has recently been reported by Lutzmann et al. (29) , who expressed recombinant Nups in Escherichia coli with the goal to assemble subcomplexes. These data revealed that the yeast hetero-oligomeric Nup84p subcomplex that was previously obtained via dissociation of NPCs and consisted of Nup84p, Nup85p, Nup145p-C, Nup120p, Sec13p, and Seh1p (27, 28) could be assembled from recombinant proteins that were coexpressed in E. coli as dimers, trimers, and even pentamers. Nup133p was reported as another potential member of the yeast Nup84p subcomplex (20, 27) . Coexpression of Nup84p and Nup133p in E. coli yielded a stable heterodimer (29) . The assembled Nup84p subcomplex exhibited a Y-shaped, triskelion-like morphology (28, 29) , but it is not clear how these triskelions form any of the known NPC modules.
Deletion of NUP84 is not lethal but causes clustering of NPCs and inhibition of mRNA export (27) . The yeast cells, in which genes coding for individual members of the Nup84p subcomplex were deleted, showed defects in mRNA export but not in protein import (27, (30) (31) (32) . However, the yeast genetic studies did not determine whether the deletion of a single member of the Nup84p subcomplex affects the integration and stability of other members of the Nup84p subcomplex.
In mammalian cells, Nup107 is the homolog of yeast Nup84p. A hetero-oligomeric Nup107 complex, whose members (Nup107, Nup133, Nup96, Nup160, and Sec13) are homologous to the members of the yeast Nup84p subcomplex, has been obtained by dissociation of NPCs (20, 25, 26) . Nup107 contains a leucine zipper motif in its carboxyl-terminal region and numerous kinase consensus sites, but does not contain FG repeats (33) . Fluorescence recovery after photobleaching experiments revealed that GFP-tagged Nup107 or Nup133 are tightly attached to NPCs during interphase and are exchanged only once per cell cycle (20) . Moreover, immunoprecipitation and immunofluorescence analysis of GFP-tagged Nup107 and Nup133 showed that both remain associated during mitosis and are targeted at early stages to the reforming nuclear envelope (20) .
Here, we show that depletion of mammalian Nup107 by RNA interference (RNAi; refs. [34] [35] [36] [37] resulted in the failure of a subset of Nups to assemble into NPCs followed by degradation of these proteins. Although the incompletely assembled NPCs were also partially defective in mRNA export, they did not affect the growth rate of cells, indicating the existence of considerable redundancy in the function of individual Nups.
Materials and Methods
Small Interfering RNA (siRNA) Preparation and Transfection. Specific siRNAs were designed as described by Elbashir et al. (34) . We used the 21-nt sense strand (5Ј-GCUGCA A A AGAAGUAUUUGdTdT, coding region 2119-2138 relative to the start codon) and the 21-nt antisense strand (5Ј-CAAAUACUUCUUUUGCAGCdTdT) of Nup107 mRNA (GenBank accession no. NM 020401.1). The mock siRNA sequences used as control (34) were the reverse sequences of the human lamin A͞C coding region 608-630 relative to the start codon (GenBank accession no. X03444). siRNA duplexes were prepared as described (34) . HeLa and HeLa S3 cells were grown at 37°C͞5% CO 2 in DMEM (Invitrogen) supplemented with 10% (vol͞vol) FBS, penicillin, and streptomycin. The day before transfection, cells at 50-80% confluency were trypsinized and diluted 1:5 with fresh medium without antibiotics. Transient transfection with siRNAs was performed by using oligofectamine (Invitrogen), as described by the manufacturer. siRNA duplexes were used at a concentration of 100 nM.
RT-PCR. Total RNAs were extracted from HeLa cells by using an RNeasy RNA-preparation Kit (Qiagen, Chatsworth, CA). Reverse transcription and PCR were carried out by using a OneStep RT-PCR Kit (Qiagen). One microgram of template RNAs and 30 pmol of gene-specific primers were used in a 50-l reaction. The PCR amplifications were in the linear range, as established by preliminary tests with increasing numbers of cycles, and were analyzed by agarose gel electrophoresis.
Immunoblotting. HeLa cells were washed twice and harvested in ice-cold PBS containing protease inhibitors (Complete Mini EDTA-free, Roche Molecular Biochemicals). Cells were lysed in RIPA buffer (150 mM NaCl͞50 mM Tris/HCl, pH 8.0͞0.5 mM EDTA͞0.5% deoxycholate͞0.1% SDS͞0.5% Nonidet P-40͞ protease inhibitors). The lysates were sonicated twice for 5 sec (Micro Ultrasonic Cell Disruptor, Kontes) and incubated for 10 min at 65°C. After centrifugation at 14,000 rpm for 15 min at 4°C (yielding no visible pellet), the supernatants were diluted with SDS͞PAGE sample buffer. After determining the protein content by Bradford assay (Bio-Rad), equal amounts of proteins were separated by SDS͞PAGE using 8%, 4-12%, or 4-20% Tris-glycine gels (NOVEX, San Diego). Proteins were transferred to nitrocellulose membranes (Bio-Rad), and specific proteins were detected by immunoblotting with indicated primary antibodies and peroxidase-conjugated secondary antibodies (Amersham Pharmacia) by using an enhanced chemiluminescence kit (Pierce).
Immunofluorescence Microscopy. HeLa S3 cells, grown on coverslips, were washed twice with PBS, fixed in 2% (vol͞vol) formaldehyde͞PBS for 30 min at room temperature, and permeabilized with 0.2% Triton X-100͞PBS for 5 min or with 0.5% saponin͞PBS for 10 min. After blocking with 2% BSA͞PBS for 1 h, the cells were incubated with specific antibodies diluted in 1% BSA͞PBS for 1 h. Cells were washed three times with PBS and were then incubated with FITC-conjugated goat ␣-rabbit, FITC-conjugated donkey ␣-goat and CY3-conjugated donkey ␣-mouse IgG antibodies (Jackson ImmunoResearch) in 1% BSA͞PBS for 30 min. Cells were washed three times with PBS, mounted in ProLong antifade reagent (Molecular Probes) and analyzed with a Leica TCS SP spectral confocal microscope.
In Situ Hybridization of poly(A) ؉ RNAs. HeLa cells, grown on coverslips, were fixed for 8 min at room temperature in 4% (vol͞vol) formaldehyde͞PBS. After three washes with PBS for 15 min each, the cells were permeabilized in PBS containing 0.5% Triton X-100 for 5 min. They were then labeled for 30 min with ␣-Nup107 antibodies diluted in PBS containing 0.2% Triton X-100, 1 mM DTT, and 200 units per ml of RNAsin (Promega). Cells were washed three times in PBS containing 0.2% Triton X-100 for 15 min each, followed by fixation as described above. Then, cells were equilibrated in 2ϫ SSC for 10 min at 42°C, and the coverslips were inverted onto 100 l of the hybridization mix and incubated overnight at 42°C in a humidified chamber. The hybridization mix consisted of 2ϫ SSC containing 1 mg͞ml tRNA, 10% (wt͞vol) dextran sulfate, 25% (wt͞vol) formamide, and 50 g͞ml biotinylated oligo-dT (45) (synthesized by The Rockefeller University Protein and DNA Resource Center). After hybridization, the cells were washed twice with 2ϫ SSC and once with 0.5ϫ SSC for 15 min each at 42°C. Cells were then refixed as described above. After three washes with PBS for 15 min, cells were incubated for 30 min with CY5-streptavidine and FITC-conjugated goat ␣-rabbit IgG antibodies (Jackson ImmunoResearch) in 0.2% Triton X-100͞PBS. After three washes in 0.2% Triton X-100͞PBS and two washes in PBS, coverslips were mounted and analyzed as described above. 
Results

Nup107
Was Efficiently Depleted by RNAi. We transfected HeLa cells either with Nup107-specific siRNA duplexes or with nonspecific mock siRNAs (see Materials and Methods). The level of mRNA for Nup107 and Nup96 was monitored by RT-PCR 24, 48, and 72 h after the initial transfection. In case of the 72 h sample, cells were transfected a second time, 36 h after the first transfection. Nup107 mRNA was significantly diminished 24 and 48 h after transfection and was further reduced in the 72 h sample, whereas Nup96 mRNA was not affected, confirming the specificity of the Nup107 siRNAs (Fig. 1A) .
To monitor the effects of RNAi on the cellular protein level, HeLa cells were lysed 48 h after transfection. Proteins of the lysate were separated by SDS͞PAGE, transferred to nitrocellulose, and detected by specific antibodies. As expected, Nup107 was decreased drastically by Nup107-specific siRNAs, but was unaffected in either mock-transfected or nontransfected cells (Fig. 1B ). In contrast, the level of Nup96, which is a member of the Nup107 hetero-oligomer, was not affected.
As previously shown (33), immunofluorescence microscopy of nontransfected HeLa cells with ␣-Nup107 antibodies exhibited nuclear rim staining that is characteristic for Nups (Fig. 2A) . In agreement with the data shown in Fig. 1 , the nuclear rim staining in those cells that were successfully transfected with Nup107-specific siRNAs was essentially eliminated (Fig. 2D) . From images like those in Fig. 2D (and see Figs. 4-6) , it was determined that 70-90% of the HeLa cells were successfully transfected by Nup107-specific siRNAs. It is not clear whether the faint, primarily intranuclear signal in the transfected cells (Fig.  2D) reflects some remaining Nup107, or whether it represents nonspecific binding of the Nup107 antibodies. It is clear, however, that most of the remaining Nup107 mRNA and protein seen in Fig. 1 is largely attributable to the 10-30% of cells that were not transfected by the Nup107-specific siRNAs. Taken together, the data of Figs. 1 and 2 strongly suggest that Nup107 was virtually eliminated in the Nup107 siRNAs-transfected cells.
Unexpectedly, the cells transfected with Nup107-specific siRNAs exhibited reduced mAb414-labeling intensity at the nuclear rim and a shift of labeling to the cytoplasm (compare Fig.  2 B and E and the merged images in Fig. 2 C and F) . mAb414 is known to interact primarily with Nup p62, but also with other FG-containing Nups, such as Nup358, Nup214, and Nup153 (40) . This finding suggested that either one or several of these mAb414-reactive Nups and perhaps other Nups failed to assemble into Nup107-deficient NPCs and, therefore, were mislocalized and eliminated by degradation.
Nup107 Depletion Caused Failure of a Subset of Nups to Assemble into
NPCs. The choice of Nups that we tested as possible candidates for failure to assemble into Nup107-deficient NPCs and their subsequent elimination was largely dictated by the availability of monospecific anti-Nup antibodies. Immunoblotting of total cell lysates and immunofluorescence microscopy were carried out as described in Figs. 1B and 2 , respectively.
Among the proteins that interact with Nup107 to form a hetero-oligomeric complex, Nup96 was clearly not depleted from total lysates of cells after transfection with Nup107-specific siRNAs (Figs. 1B and 3A) nor did Nup96 fail to assemble into Nup107-deficient NPCs (Fig. 4) . Identical results were obtained for the mammalian homolog of yeast Sec13p (Fig. 3A , immunofluorescence data not shown). However, Nup133 was clearly codepleted with Nup107, as shown by immunoblotting of total cell lysates (Fig. 3A) and by immunofluorescence microscopy (Fig. 4) . Because there was a normal level of Nup133 mRNA (Fig. 3B) , these data suggested that Nup133 was synthesized but failed to assemble into Nup107-deficient NPCs and, therefore, was degraded.
Among the mAb414-reactive Nups that we tested, we found that the FG-containing Nups, Nup358, Nup214, and Nup153, were clearly codepleted, whereas the FG-containing Nup p62 was not affected (Fig. 3A) . Moreover, we tested antibodies that have recently been reported to react with the NPC-anchored filamentous protein Tpr (38) . Also, this protein was codepleted with Nup107 (Fig. 3A) . Concomitant RT-PCR showed no reduction of mRNA levels for the proteins that were codepleted with Nup107 (Fig. 3B) . The immunoblotting data of Fig. 3A were borne out by the immunofluorescence microscopy (Fig. 5) . We conclude that the assembly of a subset of FG-containing Nups and of Tpr into the NPC depends on prior NPC assembly of the Nup107͞Nup133 subcomplex into the NPC, and that failure to assemble into the NPC results in their subsequent degradation Nup107 Depletion Caused Inhibition of mRNA Export. Nup133, Nup214, Nup153, and Tpr are known to be involved in mRNA export (26, (41) (42) (43) . As these proteins were codepleted with Nup107, it was likely that mRNA export was inhibited. To test this supposition, we determined the intracellular localization of poly(A) ϩ RNA by in situ hybridization with biotinylated oligo-dT followed by immunofluorescence. There was an obvious reten- tion of poly(A) ϩ RNA in those nuclei in which rim-staining of the Nup107 protein was significantly decreased (Fig. 6 A-C) . Neither mock (Fig. 6 D-F) nor nontransfected cells (Fig. 6 G-J) exhibited an altered intracellular distribution of poly(A) ϩ RNA. Thus, depletion of Nup107 resulted in an inhibition of mRNA egress from the nucleus. This inhibition was clearly partial as the growth rate of cells (data not shown) was not significantly diminished.
Discussion
In this study, we successfully used Nup107-specific siRNAs to deplete Nup107 on the mRNA and protein level. In a domino effect, depletion of Nup107 interfered with the assembly of several distinct Nups into the NPC and led to their codepletion by proteolysis. mRNA export was diminished in these cells, but their growth rate was not significantly affected, suggesting considerable functional redundancy of Nups in vertebrate NPCs.
From the transfection efficiency (70-90%) and the degree of Nup107 depletion in immunoblots of total cell lysates (Figs. 1B,  3A) , we estimate that Nup107 depletion was virtually complete in transfected cells 48 h after transfection with Nup107 siRNAs. This rapid and virtual complete depletion of the Nup107 pool cannot be solely attributed to dilution of the preexisting pool of Nup107 during the two to three cell doublings after siRNA transfection; it is likely accelerated by an increased rate of degradation of the protein. It is conceivable that substoichiometric quantities of Nup107 yield substoichiometric assembly of Nup107 into NPCs, which is inherently unstable and, therefore, followed by an increased rate of degradation.
The most interesting result of our studies here is the rapid codepletion of a subset of distinct Nups which accompanies the depletion of Nup107 (Figs. 3-5) . We found that mRNA levels for these Nups were not affected by the Nup107-specific siRNAs, and it is likely that their rate of translation was not affected either. Hence, the codepletion of these Nups caused by the disappearance of Nup107 could only be caused by an increased rate of proteolysis of these Nups.
Among the codepleted Nups was Nup133. The yeast homologs of Nup107 and Nup133 have been shown to form a stable heterodimer when expressed together in E. coli (29) ; in mammalian cells, both Nup133 and Nup107 remained associated after mitotic disassembly of the NPC (20) . In contrast to Nup133, two other members of the Nup107 hetero-oligomer that we tested, Nup96 and the homolog of yeast Sec13p, were not affected by Nup107 depletion. Hence, these Nups can be assembled into the NPC in the absence of the Nup107͞Nup133 heterodimer preventing their degradation. This result is consistent with data showing that a partial yeast Nup84p complex, without Nup84p and Nup133p, could be assembled in E. coli by coexpression of heterodimers or heterotrimers or by in vitro assembly of separately expressed heterodimers and heterotrimers (29) . Nup133p could be incorporated into this complex through its interaction with Nup84p (29) .
We also tested for several peripheral Nups that contain FG repeats and that are known to serve as docking sites for karyopherins and other nuclear transport factors. We found that Nup358 and Nup214 located on the cytoplasmic site of the NPC and Nup153 on the nucleoplasmic side of the NPC were codepleted with Nup107. Also codepleted was the filamentous protein Tpr that is anchored to the NPC. These data suggest that prior stoichiometric assembly of the Nup107͞Nup133 heterodimer into the NPC is required for the assembly of these peripheral proteins. Interestingly, other FG-containing Nups, such as p62 and Nup98 (data not shown), were not affected and were assembled into NPCs.
The NPCs that were assembled in the absence of Nup107 and other codepleted Nups were clearly functional, as the growth rate of these cells was not significantly affected. Hence, the observed inhibition of mRNA export (Fig. 6 ) must have only been partially effective.
Consistent with our results on Nup107 depletion, the deletion of the yeast homolog of Nup107, NUP84, was not lethal (27) . It has not been examined whether genetic deletion of the yeast Nup84p also causes a codepletion, on the protein level, of other yeast Nups. Strikingly, individual deletion of yeast NUP84 or NUP133 resulted in clustering of NPCs, as detected by electron microscopy (27, 44) . In contrast, NPCs in Nup107-depleted cells were not clustered (data not shown). The only abnormality that we could detect in these cells on the electron microscopic level was the absence of the characteristic cytoplasmic extensions of the NPC (data not shown), consistent with the depletion of Nup358 and Nup214.
The observed codepletion of a subset of distinct Nups on the protein level after degradation of mRNA for Nup107 by Nup107-specific siRNAs supports the idea that the NPC is assembled from protein subcomplexes, and that formation of these complexes and their subsequent stoichiometric assembly into the NPC protects the individual proteins from degradation. siRNAmediated depletion of Nups and its likely domino effects on other distinct Nups will continue to serve as a valuable tool for discovering other protein-protein interactions within the NPC.
